Background: Patients with unilateral ligament deficiency are believed to have altered kinematics of the contralateral knee, increasing the risk of contralateral joint injury. Therefore, the contralateral knees might not be a reliable normal kinematic control.
Much of the current knowledge about the in vivo knee kinematics in anterior cruciate ligament (ACL) or posterior cruciate ligament (PCL) deficiency is based on studies comparing the kinematics of the injured knee to that of the contralateral uninjured side. 3, 9, 11, 16, 18 Both ACL and PCL deficiency have been shown to alter knee kinematics when compared with the intact contralateral side. 3, 11, 16 However, it has been suggested in the literature that patients with unilateral cruciate ligament deficiency have altered kinematics of the contralateral knee. 6 Therefore, the contralateral uninjured knee might not be a reliable normal kinematic control. 6 In addition, it has been theorized that the altered kinematics might increase the risk of bilateral joint injury. 6 To our knowledge, no data have been reported on the effect of acute unilateral deficiency of either ACL or PCL on the 6 degrees of freedom kinematics of the contralateral uninjured knee joint during in vivo weightbearing flexion.
The purpose of this study was to investigate the in vivo kinematics of the contralateral uninjured knees of patients with either ACL or PCL deficiency and to compare the kinematics with an age-matched group of subjects with bilateral healthy knees. Kinematics of the knee joint were measured during weightbearing flexion using a combined magnetic resonance imaging (MRI) and dual-orthogonal fluoroscopic technique. 3, 21 We hypothesized that abnormal kinematics are present in the uninjured contralateral knees of patients with a unilateral rupture.
MATERIALS AND METHODS

Patient Recruitment
Thirty subjects were recruited for this study (Table 1 ). Ten patients had unilateral ACL rupture and healthy contralateral knees, 10 patients had unilateral PCL rupture and healthy contralateral knees, and 10 subjects had no history of injury, surgery, or disease in both knees. The status of each ACL and PCL was verified on physical examination by an orthopaedic surgeon as well as on MRI examination performed as a part of this study. Additionally, the status of each injured ACL and PCL was confirmed during arthroscopy performed after the completion of this study. The purpose of the study was explained in detail to all participants at the time of recruitment. Each participant signed an institutional review boardapproved consent form.
Three-Dimensional Knee Model
The technique used in this study has been used extensively to study knee joint kinematics. 3, 4, 9, 16, 21 The contralateral uninjured knees of patients in the ACL and PCL injury group were imaged as well as the knees of the healthy cohort using a 1.5-T MR scanner (Signa, General Electric, Fairfield, Connecticut); knees were scanned in a relaxed, extended position using a fat-suppressed 3-dimensional (3D) spoiled-gradient echo sequence. The MRI scans were used to generate sagittal plane images (512 × 512 pixels) with a field of view of 16 × 16 cm and 1 mm spacing. The MR images were imported into solid modeling software (Rhinoceros; Robert McNeel and Associates, Seattle, Washington) and manually digitized to outline the contours of the femur and tibia. Afterward, these outlines were used to reconstruct 3D geometric models of the knee. 3 
Dual-Orthogonal Fluoroscopic System Setup
Next, each patient was imaged with a dual-orthogonal fluoroscopic system. The patient performed a quasistatic lunge while standing within the C-arms of the 2 fluoroscopes (OEC 9800; General Electric) positioned in orthogonal planes to simultaneously capture images of the knee. [9] [10] [11] 16 Each patient placed his or her target knee within the field of view of the 2 fluoroscopes and remained still while images (1000 × 1000 pixels) were captured simultaneously from 2 orthogonal directions at 0°and 30°, 60°, and 90°of flexion. The flexion angle of a subject was monitored using a goniometer.
Two virtual cameras were created to represent the X-ray sources of the 2 fluoroscopes using the modeling software. The radiographs were placed to reproduce the position of the 2 intensifiers of the fluoroscopes. The 3D knee model was imported into the virtual fluoroscopic system and manually oriented under visual inspection in 6 degrees of freedom until its projection as viewed from the 2 directions matched the outlines of the 2 fluoroscopic images. Once the knee model was matched to the fluoroscopic images, the position of the model reproduced the position of the subject's knee during the quasistatic lunge. The method has been rigorously validated and has an accuracy of 0.1 mm in translation and 0.18°in rotation. 12 
Knee Kinematics
Two different coordinate systems, widely adopted by numerous investigators, were used separately to analyze the kinematics of the knee. 14 One coordinate system was based on the transepicondylar axis of the femur, 5, 15, 22 and the other system used the geometric center axis of the femur 5 (Figure 1 ).
First the kinematics were measured using a coordinate system based on the transepicondylar axis of the femur. The long axis of the tibial shaft was drawn first. An anteriorposterior axis and a medial-lateral axis were drawn perpendicular to the long axis of the tibia. The axes intersected at the center of the tibial plateau to form a Cartesian coordinate system. Next, 2 axes were drawn on the femur: the long axis of the femur and the transepicondylar line. Translation was defined as the motion of the midpoint of the transepicondylar line relative to the tibial coordinate system. 14 Femoral translations were then converted to tibial translations so the data could be reported in a manner consistent with previous studies in the sports medicine literature. The rotation of the knee was measured in a fashion similar to that described by Grood and Suntay. 8, 20 Flexion was defined as the angle between the long axes of the femur and tibia, projected onto the sagittal plane of the tibia. Internal-external rotation was defined as rotation about the long axis of the tibia. Varus-valgus rotation was defined as the angle between the long axis of the tibia and the transepicondylar line projected onto the frontal plane of the tibia, with the neutral position corresponding to a right angle between these 2 axes. In this fashion, anteriorposterior, medial-lateral, and superior-inferior translations and internal-external and varus-valgus rotations of the tibia relative to the femur were determined during the quasistatic lunge. 3 These data were then averaged across each patient group as a function of flexion. Subsequently, the knee kinematics were measured again using a geometric center axis of the femur. For the femoral coordinate system, the flexion axis (geometric center axis) was constructed by fitting circles to the medial and lateral condyles and by connecting the centers of these circles with a line (Figure 1 ). The long axis was drawn parallel to the posterior wall of the femoral shaft in the sagittal plane. The middle point of the flexion axis was used as the origin of the femoral coordinate system. The anterior-posterior axis was obtained as the product of intersection of the flexion and the long axis. The tibial coordinate system remained the same as in previous measurement.
Statistical Analysis
A 1-way analysis of variance (ANOVA) was used as a significance test to detect differences in kinematics between the study groups. The level of significance was set at P < .05. When no significant differences were detected, a power analysis was performed to ensure that the statistical tests had sufficient statistical power. Statistical software Statistica (StatSoft Inc, Tulsa, Oklahoma) was used to perform the statistical analyses.
RESULTS
No significant differences were found across the groups in all rotations and translations, using either coordinate system (P > .95). In all study groups, the tibia consistently translated anteriorly from 0°to 90°of flexion (Figure 2 ). At 0°, the origin of the tibial coordinate system was 1.4 ± 1.0 mm anterior from the center of the transepicondylar axis in the normal knees, 1.4 ± 0.9 mm anterior in the uninjured contralateral knees of the ACL-deficient group, and 1.3 ± 1.1 mm anterior in the uninjured contralateral knees of the PCL-deficient group. When measured with the geometrical center axis of the femur, the tibia was 4.3 ± 1.2 mm posterior from the center of the femoral axis in the normal knees, From 0°to 90°of flexion, the center of the tibial coordinate system was lateral to the origin of the femoral coordinate system, and the excursions in the mediolateral direction were, on average, less than 2 mm ( Figure 3) . Rotations in the transverse plane were also not significantly different between the groups (P > .94). In all 3 groups and using either coordinate system, the tibia rotated internally relative to the femur with increasing flexion angle (Figure 4 ). At 0°the tibia was rotated 5.5°± 2.9°externally relative to the femur in the normal group, 4.4°± 2.4°externally in the uninjured contralateral knees of the ACLdeficient group, and 5.1°± 2.7°externally in the uninjured contralateral knees of the PCL-deficient group, when measured with the transepicondylar axis-based coordinate system. With the geometrical center axis-based coordinates, the tibia in the normal group was rotated internally by 2.2°± 2.1°. In the uninjured contralateral knees of the ACL-and PCL-deficient groups, the tibia was also rotated internally 2.6°± 2.4°and 2.5°± 2.6°, respectively. The tibia rotated further internally with increasing flexion and at 90°of flexion reached 4.6°± 2.0°, 5.2°± 1.8°, and 4.8°± 2.8°o f internal rotation in the normal and the uninjured contralateral knees of the ACL-and PCL-deficient groups, respectively, when measured with transepicondylar axis-based coordinates. Measurement with geometrical center axis-based coordinates detected the tibia to be 16.6°± 2.8°, 17.7°± 2.7°, and 16.3°± 3.2°internally rotated in the normal and the uninjured contralateral knees of the ACLand PCL-deficient groups, respectively. No significant differences were detected between the groups in varus-valgus rotation (P > .9). On average, knees in the 3 groups had a valgus alignment from 0°to 90°of flexion when measured using the transepicondylar axis ( Figure  5 ). Varus alignment was measured throughout the range of flexion in all groups when the geometric center axis of the femur was used. The average excursions in the varus-valgus rotation were less than 2°from 0°to 90°of flexion.
DISCUSSION
Most of the in vivo kinematic studies on ACL and PCL deficiency use the uninjured contralateral side as a normal control. 3, 11, [16] [17] [18] Altered knee kinematics were found in both the ACL-and the PCL-deficient knees in vivo. 3, 11 However, the reliability of using contralateral knees as normal kinematic control has not been determined. In this study, we compared the in vivo kinematics of the uninjured contralateral knees of patients with unilateral ACL or PCL deficiency with the kinematics of the knee joint of age-matched subjects without joint injury. Two different coordinate systems based on 2 femoral flexion axes (Figure 1 ) were used to analyze the kinematics. 5, 14, 15, 22 The data indicated no statistically significant differences between the groups in anterior-posterior and medial-lateral translation as well as in internal-external and varus-valgus rotations at 0°, 30°, 60°, and 90°of flexion.
These findings compare favorably with other reports of tibiofemoral kinematics of the contralateral uninjured knees in ACL-deficient patients. Shefelbine et al 18 studied tibiofemoral kinematics in vivo in 8 ACL-deficient patients and 10 normal subjects using MRI and a load-bearing apparatus that applied 125 N axial loads to the foot at full extension and at 42.7°± 8.3°of flexion of the knee. No significant differences in anteroposterior and mediolateral alignment of the tibia and femur were found between extension and flexion for uninjured knees of the ACLdeficient and normal groups. Recently, Scarvell et al 17 studied sagittal plane tibiofemoral contact kinematics in 20 patients before and after ACL reconstruction and 12 healthy knees using an open MRI. Distances of tibiofemoral contact from the posterior tibial cortex at different flexion angles were compared, and no differences in tibiofemoral contact patterns were found between the uninjured contralateral knees of patients with acute ACL deficiency and healthy control subjects.
It has been hypothesized, based on measurements of anteroposterior laxity, that patients with cruciate ligament deficiency might have a preexisting increased laxity predisposing them to cruciate ligament injury. 2, 6, 19 Using an instrumented knee laxity tester, Edixhoven et al 6 measured anteroposterior laxity (Lachman test) of the knee joint in patients with acute and chronic ACL insufficiency. Measurements were taken on the injured ipsilateral and the uninjured contralateral knees as well as in a reference group of 34 subjects with bilateral healthy knees. The authors found a significantly increased anteroposterior laxity in uninjured contralateral knees in 8 patients with acute ACL injuries and 29 patients with chronic ACL injuries when compared with Other studies, on the contrary, did not find increased laxity in the uninjured contralateral knees of ACL-deficient patients. In a more recent study, Daniel et al 1 measured anteroposterior laxity in 138 patients with acute ACL deficiency and 120 normal subjects at 30°± 5°of flexion using a KT-1000 arthrometer. No significant difference in anterior and posterior displacement between the uninjured knees of patients with ACL deficiency and the normal group was found when a 9.071-kg (20-lb) displacement force was applied. Markolf et al 13 used an arthrometric apparatus to measure anteroposterior knee stability in 35 patients with unilateral ACL deficiency and 49 normal subjects applying anterior and posterior displacement loads of up to 200 N (45 lb or 20.411 kg) at 0°, 20°, and 90°of knee flexion. They, too, found no differences in the average magnitude of anteroposterior displacement between the uninjured contralateral knees of the ACL-deficient group and normal subjects.
In this study we found no significant differences in kinematics between the uninjured contralateral knees of ACLor PCL-deficient patients and subjects with bilateral healthy knees. As the contralateral joint kinematics of the injured patients were not affected by the ligament injury in the short term, physicians and researchers might use the contralateral knee as a reliable normal kinematic control when evaluating 6 degrees of freedom kinematics of the knee after ACL or PCL injury. On the basis of the data of this study, we cannot conclude that preexisting abnormal kinematics were present in the selected groups of cruciate-deficient patients. We also noted that measurements with the transepicondylar axis yielded higher values of posterior translation than measurements done with the geometrical center axis. On the other hand, internalexternal rotation of the tibia was greater when measured with the geometrical center axis. These trends compare favorably with other reports in the literature that also found greater tibial rotation with geometrical center axis measurements and higher values of posterior tibial translation with the transepicondylar axis measurements. 5, 7, 14 There are possible limitations of this study that should be noted. Knee kinematics were measured during a quasistatic lunge. Only 4 flexion angles were studied, and a goniometer was used to control the flexion angle. The significance test did not have enough statistical power to detect small rotational changes in internal-external rotation of the tibia (2°). In order to achieve 80% power, 180 subjects would have to be enrolled. On the other hand, a post hoc power analysis to determine the probability of type II error using 1-way ANOVA as a significance test indicated that the significance test had 82% power to detect 2 mm differences between group means in translation for measurements with both flexion axes and 80% power to detect 2.5°differences between group means in varus-valgus rotation using the geometric center axis. When the transepicondylar axis was used to measure varus-valgus rotation, the power was 65% due to higher inter-subject variability (σ ≤ 2.09°). In the future, the effects of cruciate ligament deficiency on the kinematics of the uninjured contralateral knee should also be investigated under dynamic conditions (eg, gait, stair climbing, stair ascent, and descent). Furthermore, the average time from injury was 2.5 months in the ACL-deficient group and 4 months in the PCL-deficient group. It is not known how unilateral deficiency of the ACL or PCL affects the kinematics of the contralateral knee in the long term. Patients with a long history of ACL deficiency, even reconstructed, might have measurable changes in contact kinematics in the contralateral knees in the long term. 17 Future studies will therefore investigate the kinematic changes that occur in the contralateral knee in the long term.
In summary, the data of this study demonstrate that there is no statistically significant difference between the in vivo kinematics of the uninjured contralateral knee joint of patients with acute unilateral ACL or PCL deficiency and subjects without knee injury. These findings suggest that the included patients with ACL or PCL deficiency did not have preexisting abnormality in the knee in 6 degrees of freedom kinematics during weightbearing flexion. Furthermore, as the contralateral joint kinematics of the injured patients were not affected by the ligament injury in the short term, physicians and researchers can use the contralateral knee as a reliable normal kinematic control. In the future, the effect of chronic cruciate ligament deficiency on the kinematics of the contralateral knee joint should be investigated.
